Abstract An analytical study is presented on the modal dispersion characteristics, group velocity, and effective group, as well as the phase index of a ternary one dimensional plasma photonic crystal for an obliquely incident electromagnetic wave considering the effect of collisions in plasma layers. The dispersion relation is derived by using the transfer matrix method and the boundary conditions based on electromagnetic theory. The dispersion curves are plotted for both the normal photonic band gap structure and the absorption photonic band gap structure. It is found that the increase in the angle of incidence shifts the photonic band gap toward higher frequencies. Also, the cutoff frequency is independent of collisions.
Introduction
The concept of plasma photonic crystals (PPCs) was first proposed by HOJO et al. [1] as a plasma version of photonic crystal in 2004, in which they studied the propagation of electromagnetic (EM) waves in binary one dimensional plasma photonic crystals (1D-PPCs) and discussed the band structures for infinite systems using a method analogous to Kronig-Penny's model with a periodic potential in quantum mechanics. Since then, many investigations have been made on binary 1D-PPCs [2∼10] , in which one unit cell consists of two layers: homogeneous unmagnetized or magnetized plasma, and homogeneous dielectric materials. LAXMI et al. [2] studied the photonic band gap effects of binary 1D-PPCs and discussed transmission properties in terms of the number of unit cells, thickness and density of the plasma layer using the transfer matrix method (TMM). By using the finite difference time domain (FDTD) method, LIU Song et al. [3] investigated the EM wave propagation of a Gaussian pulse through unmagnetized binary 1D-PPCs and studied the effect of the plasma frequency, plasma thickness and collision frequency on the reflection and transmission coefficients for normal incidence, and found that the band gaps of unmagnetized binary 1D-PPCs are tuned by plasma parameters. They also simulated the propagation of EM waves in binary 1D-PPCs using the FDTD algorithm and discussed the effects of the plasma density, dielectric constant ratios, number of periods and layer defects on the reflection and transmission coefficients for normal incidence [4] . QI et al. [5] used the modified planewave expansion method to obtain PPC band structures. ZHANG et al. [6] studied the characteristics of magnetized binary 1D-PPCs by using the piecewise linear current density recursive convolution FDTD method and concluded that plasma parameters strongly affect the band gap and transmission coefficient. GUO B. [7, 8] deduced the dispersion equation for obliquely incident EM waves by using the TMM and discussed the effect of the microplasma density, background material dielectric constant, collision frequency and incident angle on both the normal and absorption photonic band gap structure. QI et al. [9] studied the properties of obliquely incident EM waves in magnetized 1D-PPCs and showed the effects of the collision frequency, dielectric constant and incident angle on the dispersion and transmission coefficient. YANG et al. [10] used the modified FDTD method to study the properties of 1D-PPCs for obliquely incident EM waves and computed the reflection coefficients for various angles of incidence.
However, PRASAD et al. [11, 12] have investigated the modal propagation characteristics of unmagnetized ternary 1D-PPCs structures and have shown that the plasma frequency, plasma width and dielectric constant have marked influence on the band gap, group velocity, effective phase index and group index. They have also shown that ternary 1D-PPCs structures provide an additional degree of freedom to control the dispersion characteristic compared to the binary 1D-PPCs structures. However, these studies mainly focus on normally incident EM waves propagating in unmagnetized ternary 1D-PPCs with collisionless plasma in the unit cell. For possible technological applications, we must study the properties of unmagnetized ternary 1D-PPCs for all angles of incidence and also take into account the collision in the plasma because collisional plasma can efficiently absorb EM waves. The reason is that the incident EM wave fields accelerate the electrons in plasma, which elastically collide with the background gas molecules or ions and transfer the energy from the EM waves to the plasma. Therefore, plasmas can act as EM wave absorbers and refractors under certain conditions. Since the dielectric constant of collisional plasma is a complex number and has real and imaginary parts, the photonic band gap structure is discussed in two parts: a normal photonic band gap structure corresponding to the real part and an absorption photonic band gap structure corresponding to the imaginary part. In the present work, we have chosen the unmagnetized ternary 1D-PPCs structures with periodic layers of three different materials, namely, glassplasma-MgF 2 in one unit cell. We have obtained the dispersion relation by solving Maxwell's equation and using the TMM. The effects of incident angles and collisions in the plasma on the dispersion, group velocity, and effective index of refraction (both group as well as phase) have been studied. The paper is organized as follows: in section 2 the dispersion relation of the proposed structure is given. Section 3 is devoted to the results and discussion. A conclusion is drawn in section 4.
Theoretical formulation
In this paper, we consider the propagation of obliquely incident EM waves into unmagnetized ternary 1D-PPCs. The proposed structure has a number of unit cells and each unit cell consists of three homogeneous layers, viz., dielectric, plasma and dielectric. The plasma layer is characterized by frequency dependent permittivity whereas permittivity in the dielectric layer is independent of the frequency. Since we are considering the 1D-PPCs, the variation of permittivity is along the x-direction, which is perpendicular to the interfaces. The obliquely incident EM waves propagate in the z-x plane, as shown in Fig. 1 . Here dielectric layers and plasma layers are assumed to be non-magnetic. The index profile in the n th unit cell is given as:
with the condition that n(ω, x) = n(ω, x + Λ). Here Λ=a+b+l, a, b, l, n 1 , n 2 , n 3 are the widths and refractive indices of three consecutives layers in one unit cell, ω pe is the plasma frequency and is given by
, n p is the plasma density, ν is the collision frequency in the plasma layer, e is the charge on electrons, m is the rest mass of electrons and ε 0 is the permittivity in free space. An EM wave with angular frequency ω is propagated in the plasma if ω > ω p and highly attenuated if ω < ω p . Therefore, the dispersion relation for EM waves propagating in the plasma should be derived for both cases. However, when the plasma is characterized by a collisional dielectric, this explanation fails and the solutions for the electric fields in each unit cell for both cases are the same [8] .
Fig.1 Schematic representation of the unit cell of ternary 1D-PPCs
The one-dimensional Maxwell wave equation is given by
where β is the propagation constant and its value is given by β = nαω c sin(θ α ), ω is the angular frequency of EM waves, n α and θ α are the refractive index and ray angle in α (α =1, 2, 3) layer of the n th unit cell. We can write the one-dimensional Maxwell equation in three layers in the n th unit cell:
Solutions for the above equations in three consecutive layers in the n th unit in terms of electric fields can be expressed as:
where a n , b n , c n , d n , e n and f n are complex amplitudes of incident and reflected waves in respective layers of the n th unit cell.
where θ 1 , θ 2 , θ 3 are ray angles in each layer of the n th unit cell and are related to each other in the following way:
Using the continuity conditions for electric field E x and its derivatives dEx dx at boundaries x = (n − 1)Λ, x = (n − 1)Λ + l, x = nΛ − a and using the transfer matrix method [13] , we obtain the following matrix relation:
where m 11 , m 12 , m 21 , m 22 are given as:
The matrix in Eq. (12) is a unit translation matrix which relates the complex wave amplitudes of incident wave and reflected wave in (n − 1) th the unit cell to respective amplitudes in the n th unit cell. According to the Floquet theorem, wave propagating in a periodic medium is of the form
The dispersion relation for the TE mode (E is in y-x plane) for the proposed structure
Here K is the Bloch wave number. After simplification, the dispersion relation can be written as:
Additional parameters such as the group velocity, effective phase index (n eff (p)) and effective group index (n g ) are also calculated for the proposed structure. The expression of the group velocity is written as:
The expression for the effective phase index (n eff (p)), which is the effective index associated with the effective phase velocity, is given by
The effective group index (n g ) [14] can be expressed as:
Results and discussion
We now turn to some numerical computation in order to obtain the band gap structure in the form of dispersion curves, normalized group velocity (V g /c), effective phase index (n eff (p)) and effective group index (n g ) of unmagnetized ternary 1D-PPCs containing three periodic layers of different materials, namely, glass-plasmaMgF 2 in one unit cell, as shown in Fig. 1 . Here we have chosen glass of width a having permittivity ε 1 =2.250, plasma of width b having permittivity ε 2 and MgF 2 of width l with permittivity ε 3 =1.9044. By using normalized plasma frequency (P =ω p Λ/2πc), normalized collision frequency (γ = ν/ω p ) and normalized frequency (ωΛ/2πc) in the numerical calculations, we limit ourselves to observing the effect of the incident angle and collision frequency on the band structure.
A plot between the normalized wave number (KΛ/2πc) and normalized frequency is called a dispersion curve. Here we have two dispersion curves: a normal photonic band gap structure corresponding to the real part of K and an absorption photonic band gap structure corresponding to the imaginary part of K.
Firstly, we want to compare the results obtained in ternary 1D-PPC structures with those existing in binary 1D-PPC. For the purpose of comparison, we have taken the volume average permittivity constant within a unit cell for both binary and ternary 1D-PPC structures. In binary 1D-PPC we observed that the position and width of the band gap cannot be changed for a fixed volume average permittivity. If we want to change the position as well as the width of the band gap, then we have to change the volume average permittivity. In the case of ternary 1D-PPC, we can change the position and width of the band gap just by changing either the permittivity of dielectric layers or its width while maintaining the constant volume average permittivity. Fig. 2(a) shows the dispersion curves for ternary 1D-PPC having different values of the dielectric layer width (a+l=1000 µm) at a fixed collision frequency and a constant angle of incidence. The dotted line in the graph shows the dispersion curves for binary 1D-PPC at a fixed collision frequency and a constant angle of incidence. Here we observe that, as the width of a dielectric layer increases in ternary 1D-PPC, the allowed band width is shifted rapidly toward lower frequency where as in binary 1D-PPC this band gap remains fixed. Fig. 2(b) shows the dispersion curves for ternary 1D-PPC having different values of the dielectric permittivity (ε 1 +ε 3 =8) at a fixed collision frequency and a constant angle of incidence. Here we observe that, as the permittivity of one dielectric layer increases in ternary 1D-PPC, the allowed band width is again shifted rapidly toward lower frequency. Fig. 3 shows the dispersion curves for both normal and absorption photonic band gap structures having the cutoff frequency and frequency gap for different angles of incidence. The cutoff frequencies are observed approximately at 0.35, 0.40 and 0.62 for θ 3 =0, θ 3 =π/6 and θ 3 =π/3, respectively. As the angle of incidence increases, the band gap (both normal and absorption) increases gradually and at the same time the amplitude of the absorption photonic band structure increases slightly. If we compare our present findings with those obtained in Ref. [11] for collision-less plasma and at a normal incident angle, which are represented here by the dotted line, then we observe that in the present case we can select and increase the band gap only by changing the angle of incidence. For normal incidence, we also find that the band gap obtained by collisional and collision-less plasma are exactly the same except at lower frequencies. Fig. 4 shows the dispersion curves for both normal and absorption photonic band structures with the cutoff frequency and frequency gap for various collision frequencies. As the collision frequency increases, the amplitude of the photonic band structure decreases but the cutoff frequencies remain unaffected. Here the dotted line again represents the band gap corresponding to collision-less plasma at normal incidence. We observe that as the angle of incidence increases from 0 to π/4, the band gaps in collision-less plasma are shifted toward the higher frequency range. The curves of the effective phase index n eff (p) with respect to the normalized frequency for various angles of incident with γ=0.01 and various collision frequencies with θ 3 =π/4 are shown in Fig. 5 and Fig. 6 , respectively. The effective phase indexes show values below 1.5 and at some frequencies it becomes 0, which are very close to the band gap. Therefore, the effective phase indexes of refraction are very sensitive to the EM frequencies corresponding to these band gaps. It is clear from Fig. 5 that, if the angle of incidence increases, the magnitude of the effective phase index decreases and is shifted toward higher frequencies. In Fig. 6 we observe that the magnitude of the effective phase index changes for lower frequencies up to ωΛ/2πc ∼ =0.25 and, after this, it becomes independent of the collision frequencies. Fig.5 The variation of the effective phase index n eff (p) with respect to normalized frequency for P = 1, a = l = 500 µm, b = 100 µm, ε1 = 2.250, ε3 = 1.9044, γ = 0.01, θ3 = 0, π/6 and π/3 Fig.6 The variation of the effective phase index n eff (p) with respect to normalized frequency for P = 1, a = l = 500 µm, b = 100 µm, ε1 = 2.250, ε3 = 1.9044, θ3 = π/4, γ = 0, 0.01 and 0.05
The curve of the normalized group velocity along the propagation direction with respect to the normalized frequency for an obliquely incident electromagnetic wave at the constant collision frequency γ=0.01 is shown in Fig. 7 . It is clear from the figure that, as the angle of incidence increases, the normalized group velocity is shifted towards higher frequency. The interesting result is that the up-down symmetry for θ 3 =0 is maintained up to ωΛ/2πc ∼ =1 while for θ 3 =π/6 and θ 3 =π/3 it is maintained up to ωΛ/2πc ∼ =1.3 and ωΛ/2πc ∼ =1.7, respectively. The curves of the normalized group velocity along the propagation direction with respect to the normalized frequency for various collision frequencies γ at θ 3 =π/4 are shown in Fig. 8 . Here it is observed that the up-down symmetry is independent of the collision frequency. Fig.7 The variation of the group velocity along propagation direction with respect to normalized frequency for P = 1, a = l = 500 µm, b = 100 µm, ε1 = 2.250, ε3 = 1.9044, γ = 0.01, θ3 = 0, π/6 and π/3 Fig.8 The variation of the group velocity along propagation direction with respect to normalized frequency for P = 1, a = l = 500 µm, b = 100 µm, ε1 = 2.250, ε3 = 1.9044, θ3 = π/4, γ = 0, 0.01 and 0.05
The curves of the effective group index n g along the propagation direction with respect to the normalized frequency for various angles of incidence with the constant collision frequency γ=0.01 are shown in Fig. 9 . This figure shows that the effective group index n g tends to shift towards higher frequency with the angle of incidence and at the same time the width of the bands increases considerably. The curves of the effective group index n g along the propagation direction with respect to the normalized frequency for various collision frequencies γ at the incident angle of π/4 are shown in Fig. 10 . Here we observe that the negative effective group of refraction in all considered cases near the band edges is independent of the collision frequencies.
Conclusion
A theoretical investigation of the propagation of EM waves through ternary 1D-PPCs having alternating thin layers of three different materials-glass, plasma and MgF 2 in one unit cell is presented. The analyses have been made by using the transfer matrix method. Fig.9 The variation of the effective group index ng along propagation direction with respect to normalized frequency for P = 1, a = l = 500 µm, b = 100 µm, ε1 = 2.250, ε3 = 1.9044, γ = 0.01, θ3 = 0, π/6 and π/3 Fig.10 The variation of the effective group index ng along propagation direction with respect to normalized frequency for P = 1, a = l = 500 µm, b = 100 µm, ε1 = 2.250, ε3 = 1.9044, θ3 = π/4, γ = 0, 0.01 and 0.05
It is found that the ternary 1D-PPCs are able to tune the width and position of the band gap at a desired level keeping constant volume average permittivity. Also, the presence of collisions in the plasma layer splits the dispersion characteristics into two cases, the normal photonic band gap structure and absorption photonic band gap structure having the cutoff frequency and photonic band gap. The ternary 1D-PPC having collision has the same band gap as the collision-less ternary 1D-PPC except at lower frequency, but at the same time the amplitude of the absorption band decreases with the increase in the collision frequency. It is also observed that the cutoff frequency is independent of collisions. Furthermore, it is found that the angle of incidence significantly affects the band gap in comparison with the normal incidence angle. The increase in the angle of incidence increases the width of the band gap and shifts it toward a higher frequency range. The incident angles also affect the amplitude of the absorption band, which increases with the increase in the angle of incidence.
Moreover, the effective phase index, the normalized group velocity and effective group index n g are shifted toward higher frequencies with the increase in the incident angle. Up-down symmetry in the normalized group velocity and the negative effective group of refraction near the band edges are independent of the collision frequencies. Initially the magnitude of the effective phase index changes for a certain lower frequency and then it becomes independent of the collision frequencies.
